ABSTRACT: Several types of design models are currently being used to develop marine protected areas (MPAs) for conservation of coastal and pelagic ecosystems. However, few studies have applied these models in large estuaries which have unique characteristics that need to be considered in MPA design, including strong physical, chemical and biological gradients and significant human impacts. We explored how one design model, MARXAN, can be applied to estuarine systems by developing MPA design scenarios for Long Island Sound, an estuary in the northeastern USA. Using sedimentary texture as a proxy for habitats, we modeled and tested several scenarios where conservation goals differed with respect to location and spatial scale but included 10 to 20% representation of target habitats and spatially contiguous MPAs. When the entire estuary was modeled, potentially critical locations were not included in the solutions. Dividing the estuary into regions to account for spatial gradients proved a better approach. Final MPA solutions were tested for effectiveness by comparing benthic species richness and community composition inside and outside solutions. Solutions in the eastern region of Long Island Sound generally contained higher species richness, likely due to the inclusion of highly heterogeneous portions of the sea floor within most solutions, but community composition varied. In contrast, solutions in the western/central region of the estuary usually had lower species richness but similar community composition. We also made preliminary assessments of how human activities, including dredge disposal, resource extraction and sediment pollution, might affect MPA design in estuaries. Our results illustrate potential conflicts that may arise due to the geographic location of best MPA candidate areas in estuarine regions with environmental impacts and human activities. Several tradeoffs will likely affect MPA design and selection in large estuarine systems, and MPA design models may prove useful in focusing these efforts.
INTRODUCTION
Marine protected areas (MPAs) are an increasingly important conservation and resource management tool in marine systems. They provide an ecosystem-based approach for addressing multiple, often difficult and competing ecological and social issues (Nicholls 1998 , Agardy et al. 2003 , Lubchenco et al. 2003 . We define MPAs to include areas of the marine environment that have been spatially delineated and afforded some level of protection by varied regulatory and/or nonregulatory approaches. The main objectives of MPA establishment may include protection of ecological functions, preservation of biodiversity and habitats, instituting specific resource conservation goals and/or developing sustainable practices for use of natural marine resources. Such objectives will vary by region and spatial scale being considered. However, for any specific MPA or MPA network, the ultimate achievement of goals is affected by a set of common issues.
These issues include the process and ecological underpinnings of site selection, the actual establishment of the MPA, and its eventual management. Each of these issues includes both scientific and social components that are difficult to fully resolve. We focus on the process of MPA site selection, specifically the application of site selection models to large estuarine systems, with emphasis on sea floor habitats and macrobenthic communities.
Many marine conservation efforts to date have focused on designing MPAs in open coastal and oceanic systems. Except for the many reserves and sanctuaries that have a terrestrial coastal component (e.g. extensive salt marsh systems, islands, etc.), most MPAs are offshore on the continental shelf (see www.mpa.gov). There has been less emphasis on developing MPAs in large estuarine systems (Nicholls 1998 , Edgar et al. 2000 . Large estuaries such as San Francisco Bay, Chesapeake Bay and Long Island Sound in the US, can be challenging areas for MPA design. This is due to strong physical, chemical and ecological gradients characteristic of estuarine systems, coupled with high levels of human activity and associated impacts such as contamination, eutrophication, channel dredging and intense resource use and extraction. These gradients/characteristics generally change over smaller spatial scales in estuaries than in coastal/oceanic environments (Day et al. 1989 , Cognetti & Maltagliati 2000 . Additionally, estuaries often comprise different mixes of system modules such as a central embayment and peripheral tidal rivers, which can define structure and function (Tenore at al. 2006) , and add to the overall complexity of designing MPAs. Conservation in estuarine areas with high human activity and distinct spatial trends in both habitats and species communities may require a different management approach that effectively addresses the specific characteristics of the system.
Despite the degradation and intensive development of estuarine systems, conservation of these areas has lagged behind terrestrial and marine conservation. This lag may be related to the extensive human activities in estuaries and perhaps the lower aesthetic appeal of estuaries compared to terrestrial and marine habitats (Edgar et al. 2000) . Although challenging, estuarine conservation is an important component of overall marine protection because estuaries are among the most productive environments on earth and they play a critical role as nurseries for both estuarine and offshore organisms (Beck et al. 2001) .
This study explores how MPA design could be implemented in large estuarine systems. We utilized a MPA siting algorithm based on simulated annealing (Kirkpatrick at al. 1983) , as implemented in MARXAN software , McDonnell et al. 2002 . Simulated annealing determines a set of possible MPA configurations, or solutions, in a defined region so that specific conservation goals are met. Conservation goals can be based on specific target species, habitats and/or other biodiversity components. It can also be constrained by specific locations, desired spatial extent and configurations of the MPA or MPA network. Simulated annealing has been applied in a number of marine systems including the Gulf of Mexico (Beck & Odaya 2001) , the Gulf of California (Sala et al. 2002) , the Channel Islands off California (Airamé et al. 2003) , British Columbia (Ardron et al. 2002) , the Florida Keys , Stellwagen Bank in the Gulf of Maine (Cook & Auster 2003 ) and the northeast continental shelf of North America (Cook & Auster 2005) .
We assessed how the characteristics of a large estuarine system might govern the design and implementation of MPA models. MPA solutions were tested for their potential effectiveness by comparing resulting benthic species richness and community composition, and also by assessing potential conflicts with human activities using geographic information system (GIS)-based analyses. These results, coupled with those from other studies (e.g. as cited above), may help determine if different approaches are needed when designing MPAs in open ocean waters versus in large estuaries.
MATERIALS AND METHODS
Study area. Long Island Sound (LIS) is a large estuary (3418.7 km 2 ) located along the Atlantic coast of the US (Fig. 1) . Its average depth is ~20 m, and salinity ranges from 23 psu in the western end to 35 psu at the eastern end. The benthic landscape (or benthoscape) is highly complex (Fig. 2) , with bottom types ranging from silty muds to gravel/rock/outcrop hard bottoms, reflecting the spatially heterogeneous hydrodynamic regimes and sedimentary processes shaping these environments . Macrobenthic communities in LIS are related to this benthoscape structure at different spatial scales, with significant variation in the types of communities found in each sedimentary environment (Zajac et al. 2000 , Zajac 2001 ). The western portion of LIS is highly urbanized. Smaller urban centers occur along the Connecticut coast and most of the remaining coastline is well developed. Over 20 million people live within 80 km of its shores, resulting in extensive impacts including eutrophication and low oxygen during portions of the year (e.g. Welsh & Eller 1991) , sediment contamination (e.g. Mecray & Buchholtz ten Brink 2000) and toxicological effects on biota (Perry et al. 1991) . LIS is also an important commercial waterway, with significant com-mercial fisheries primarily for lobsters, oysters and hard clams, but also recreational fisheries that are economically valued at > 300M USD yr -1 . General approach. We used sea floor sediment texture as a proxy for habitat type in developing MPAs. Sediment texture is a composite variable that describes sea floor habitats based on sediment grain-size mixtures . It is well known that the distribution of many benthic invertebrates (e.g. Zajac et al. 2000) and demersal fish is related to sea floor characteristics (Auster et al. 2001) , and many ecosystem functions differ with sediment type (Levin et al. 2001) . Conservation goals are often centered on habitat types (Ward et al. 1999 rather than specific species, as the spatial distribution of target species or communities are often unknown and unavailable as input for models. Thus, sediment texture may be a good proxy for habitats and species assemblages in sedimentary environments. The purpose of using sediment texture as a proxy in the modeling process was not to gain additional insights into relationships among benthic assemblages and sea floor characteristics in LIS, but rather to explore how our current knowledge of these can be used in the MPA selection process. We used MARXAN MPA modeling software (see: www.ecology.uq.edu.au/ marxan.htm) and GIS to develop a series of MPA solutions with varying amounts of representation of different sediment texture types and varying numbers of sites. LIS was divided into 2 broad regions to account for large-scale spatial differences in sedimentary texture (Figs. 1 & 2). Our modeling considered both the different regions separately and the entire LIS. Different regional Poppe et al. 2000) used as habitat proxies for the MARXAN analyses; st-cl/sd: silt, clayey sand models were tested because initial modeling showed that systemwide solutions were spatially disjunct, with different sites scattered over different portions of the estuary after each run of the model. In general, conservation planning within a region will try to identify MPAs that are restricted to 1 or 2 specific areas, except in the case of large-scale, extensive MPA networks, for various purposes (e.g. social and economic acceptability and easier enforcement of MPA regulations). Most of our modeling focused on generating MPA designs in the Connecticut portion of LIS because the macrobenthic data set that we used to test the efficacy of the model solutions came from a study conducted in Connecticut waters by Pellegrino & Hubbard (1983) . This does not in any way bias the MPA solutions obtained, but simply defines the geographic extent over which the modeling is conducted, thus reflecting typical management scenarios where MPA selection is restricted to a particular region due to jurisdictional or other reasons. Such geographic constraining of MPA selection may not reflect the spatial characteristics of ecological structure and dynamics in a region, but is a typical management consideration. MPA selection modeling. The MPA siting software MARXAN uses simulated annealing to determine an optimal MPA solution based on an iterative improvement process , McDonnell et al. 2002 . The process of simulated annealing allows for many solutions to be examined while utilizing an iterative process which will accept or reject subsequent solutions based on their ability to minimize an objective function outlined by the user . Using regional breakdowns, MPAs were designed for the eastern/transitional and western/ central regions, for both the Connecticut portion and the entire LIS (Fig. 1) .
Details on how files for MARXAN were created for this study are given at www.ecology.uq.edu.au/docs/ marxan/MPA_design_tutorial.pdf. Briefly, a grid was overlain on the sedimentary texture data covering the entire LIS using GIS (Fig. 2) . Seven types of sedimentary habitats were represented. Each grid square was 1 km 2 and represented a single planning unit. Using GIS, sedimentary data were extracted for each planning unit for all regional breakdowns, and were then manipulated in a spreadsheet to create the conservation feature files. Boundary length data was determined using the JNCC extension downloaded from the MARXAN website. Sedimentary data were summarized for each region using GIS, and brought into a spreadsheet where target representation files of 10, 20 and 30% of each sediment type by area were created. Each target representation file contained information on the amount of each of the 7 sediment types to be included in the MPA design for each target level per scenario.
Numerous runs were performed for each region, using differing conservation parameters and boundary length modifiers (BLM) in order to determine which geographical areas were consistently selected by the annealing process and to generate solutions which primarily comprised 1 or 2 sites. The BLM determines the number of separate sites that are generated by a MARXAN run. Our goal was to develop 1-and 2-site solutions for all regional breakdowns for both Connecticut waters and the entire LIS because it is likely that in developing MPAs for large estuarine areas, initial criteria may focus on establishing one or a limited number of sites that meet the conservation goals. The number of scenarios run for each region depended on the number of attempts needed to arrive at 1-and 2-site MPA solutions. Once a 1-or 2-site solution was obtained, subsequent runs were performed to ensure that the derived solutions were replicable even after changing the BLM. If numerous 1-or 2-site solutions fell in different areas, this was taken into account during the selection phase for species and in community analyses. Target representation levels of 10 and 20% were modeled for all regional breakdowns. MARXAN solutions resulted in full representation of the conservation features (i.e. the sediment type habitat proxy) while occupying the smallest area. Sometimes, changing the BLM did not change the layout of the MPA system, and specific solutions often continually fell in the same general area within a region. Thus, the best solutions were chosen based on the number of planning units that made up the MPA. If solutions yielded the same number of sites and similar numbers of planning units but different areas of a particular region, each was analyzed for effectiveness. In general, we considered the best solutions to be those with the lowest planning unit number and ≤2 separate sites.
Testing the solutions. Data used to test MPA solutions (Pellegrino & Hubbard 1983 ) included information on macrobenthic species richness and community composition at 413 sites in the Connecticut waters of LIS at a high degree of spatial resolution, as most sites were ≤1 km apart. The taxa inventoried included polychaetes, bivalves, gastropods and crustaceans. Zajac et al. (2000) analyzed these data and recognized 15 community types based on a level of similarity ≤50 to 55%. Community types were identified using classification analysis of the 35 most abundant taxa found throughout LIS, via the unweighted pair-group method on a matrix of station similarities calculated with the BrayCurtis index using untransformed data. MPA solutions were tested by comparing species richness (using the full data set of Pellegrino & Hubbard (1983) for 109 species) and community composition distributions inside versus outside each solution. All sampling sites outside the MPA solution in the region being analyzed were designated as outside sites. We considered an MPA solution to be effective if it exhibited equal or significantly higher species richness levels inside than outside the MPA. Species richness differences were tested using the Aspin-Welch unequal-variance t-test. For community composition data, we determined a solution to be effective if it captured the same frequency of community types inside as outside the solution. We feel this to be a very effective way of testing the solutions because the previously identified community types reflect specific assemblages that are distributed throughout LIS, thus testing MPA solutions at a higher level of ecological organization. Community composition distributions inside versus outside were analyzed using the Kolmogorov-Smirnov test for distributions. We also tested several solutions using multivariate analysis of similarities (ANOSIM) with PRIMER software (Clarke & Gorely 2001 ) as a secondary assessment of the solutions without reference to specific macrobenthic assemblages. Similarity among sites based on overall species composition and abundances using the full Pellegrino & Hubbard (1983) data set was calculated with the Bray-Curtis similarity function and then grouped as inside or outside the MPA solution for the ANOSIM test. The data for these tests were not transformed and 999 permutations were run.
The Pellegrino & Hubbard (1983) data set is the most comprehensive and spatially detailed data set for macrobenthos in LIS, but spans only the Connecticut portion of LIS (Fig. 1) . Thus, we were restricted to testing only the MPA models developed for this portion of the Sound, but our approach could be extended to all portions of LIS as data become available.
Relationships to estuarine gradients and human activities. In order to illustrate the potential kinds of conflicts that may occur in MPA siting within a large estuary such as LIS, we conducted GIS overlay analyses using several solutions and data on variables representative of the human activities that would likely be considered in an MPA selection process. These included the location of dredge spoil disposal sites, coastal oyster beds that are leased by private growers and/or owned by local municipalities, and the concentration of mercury (Hg) in bottom sediments of LIS. The dredge spoil sites data were obtained from the US Army Corps of Engineers, the oyster lease areas from the state of Connecticut Department of Agriculture, and the mercury GIS data layers from the US Geological Survey.
RESULTS
Sets of MPA solutions were developed for several regions of LIS. In general, all solutions met conservation goals relative to the amounts of sediment types (habitats) that were included in each site, for each level of representation tested. Based on criteria noted above, specific configurations considered as the best solutions in each region were chosen to assess their effectiveness in equaling species richness levels and community type frequencies outside the solutions.
Eastern/transitional region

10% target representation
Fourteen scenarios were run for this region and target level. Most solutions were located in similar areas within this region, with ~70 to 80% overlap. Solutions chosen for analysis of effectiveness included one 2-site solution (BLM 0.05) and two 1-site solutions (BLM 1, BLM 2) (Fig. 3) . The 2-site solution contained a few single planning units located along the western border of the region where there were less common sediment types. The 2 main areas included in this solution were located just southwest of the mouth of the Connecticut River and south of Niantic Bay. The 1-site solutions were very similar in spatial extent, with both being located south of the Connecticut River. These also had one planning unit that was on the border of the region. There were no differences in species richness (Table 1) . Moreover, no differences (p = 0.99) in community composition were noted inside versus outside for the 2-site solution (BLM 0.05) (Fig. 4) . For the 1-site solutions, BLM 1 had marginally different community composition from the outside communities (p = 0.067), whereas community composition in the 1-site solution BLM 2 was significantly different from that outside the MPA (p = 0.03) (Fig. 4) .
20% target representation
Many of the 12 scenarios run for this region and target level resulted in 2-site solutions falling in the same 2 areas, with one located in the eastern portion of LIS south of Niantic Bay and the other closer to the region's western boundary in an area of coarser sediments (Fig. 3) . The 1-site solutions were generally located in the middle of the region, south of the Connecticut River. Solutions chosen for testing included two 2-site solutions (BLM 0.2 and BLM 6) and one 1-site solution (BLM 20) (Fig. 3) . More 2-site solutions were chosen for testing because one of the locations making up these solutions fell in a somewhat different area. For the 2-site BLM 0.2 solution, there was no difference (p = 0.23) inside versus outside the solution for both community composition (Fig. 4) and species richness (Table 1) . Community composition inside versus outside was significantly different for the BLM 6 and the BLM 20 solutions (p = 0.02 and 0.009, respectively) (Fig. 4) . There was no difference in species richness inside versus outside the solutions for both BLM 6 and BLM 20 solutions (Table 1) . We also tested community differences on a multivariate basis for the BLM 20 solution. An MDS ordination shows overlap in many of the inside versus outside sample stations, but an overall significant difference among them was noted (Global R = 0.077, p = 0.004), reflecting the different mixes of community types found inside and outside the solution area.
Central/western region
10% target representation
All MPA solutions for this region were located in a similar area in the western basin. Ten MPA solutions were run, and 3 were chosen for effectiveness testing (Fig. 5) . The 1-site solution BLM 1 also included a single planning unit west of the main site in order to include the silty clay texture type (Fig. 5 ). There were no significant differences in benthic community frequencies inside versus outside for all 3 solutions (BLM 0.2, p = 0.721; BLM 0.5, p = 0.96; BLM 1, p = 0.98) (Fig. 6) . However, species richness levels were significantly higher outside than inside for all 3 solutions (Table 1) .
20% target representation
All MPA solutions for the 20% target representation captured a similar area in the western basin. A 3-site solution also captured a small area in the central basin.
Eight scenarios were run for this region. The solutions chosen for effectiveness testing consisted of one 1-site solution (BLM 1) and one 3-site solution (BLM 0.3) (Fig. 5) . The 2-site solutions for this region fell almost directly on top of the 1-site solution so only the 1-site solution was tested for effectiveness. Neither the mix of community types nor species richness showed significant differences inside versus outside the 3-site solution (BLM 0.3, p = 0.49) (Fig. 6 solution (p = 0.007) (Fig. 6) , and species richness was significantly higher outside than inside the solution area (Table 1) .
Estuary-wide solution
As an example of an estuarine-wide solution for LIS, we modeled a 20% habitat representation scenario for both the central/western and eastern/transitional regions constrained to 1 or 2 sites (Fig. 7) . In the central/western region, the solution spanned much of the western basin and included only a small portion of the central basin. It included the area known as Stratford Shoals which is an area of heterogeneous sediments (Fig. 2) and bathymetry separating these 2 basins. In the eastern/transitional region, the solution showed 2 MPA sites: a larger one along the Connecticut coast, south and west of the mouth of the Connecticut River, and a smaller one in the middle of LIS, where there is a band of mixed sand-silt-clay and silty clayey-sand sediments.
Relationships to estuarine gradients and human activities
We conducted GIS overlay analyses using several of the solutions and data on human impacts and activities that would likely be considered in the MPA design and selection process (Fig. 8) . Potential MPA sites generated in our modeling were generally not located in 17 Fig. 4 . Frequencies of community types inside and outside the MPA solution areas in the eastern/transitional region of Long Island Sound. Community types were determined by multivariate analyses of data given in Pellegrino & Hubbard (1983) by Zajac et al. (2000) . Dominant species in each community type are given in Table 2 areas of very high sediment Hg concentrations, although a significant portion of the MPA areas in the central/western MPA solutions are in locations with moderate sediment Hg concentrations. The central/ western MPA areas overlap oyster growout locations along the Connecticut shore, with one of the solution sections being totally within a growout area. The eastern/transitional solution overlapped little with oyster growout areas. However, this solution showed considerable overlap with a dredge spoil disposal area south of the Connecticut River, and a small amount of overlap with a disposal site in the central basin of LIS (Fig. 8) .
DISCUSSION
Numerous MARXAN runs were performed for both the entire LIS and Connecticut waters only. Entire LIS runs were initially done without dividing the estuary into regions, yielding solutions that included all 7 habitat (sediment) types at the targeted representation Pellegrino & Hubbard (1983) by Zajac et al. (2000) . Dominant species in each community type are given in Table 2 levels. However, these solutions were either highly fragmented or, when consisting of 1 or 2 sites, omitted certain areas of LIS that contained different community types and suites of species. This is due to both the large-scale east to west gradients in sedimentary environments in LIS, and the smaller-scale sea floor heterogeneity (Fig. 2) . Most large estuarine systems will have similar gradients; thus, one of the first steps in applying MPA site selection models is recognizing and establishing appropriate estuarine regions that encompass distinct sets of benthoscapes and their component patch/habitat types. It is also important to establish the extent to which water column physical (e.g. current patterns, density stratification) and chemical (e.g. dissolved oxygen, salinity) characteristics coincide in such regions, to inform the selection process on benthic and demersal fauna, particularly those that have dispersal and movement patterns that span the regions considered in the MPA selection process. For example, important estuarine species such as blue crabs Callinectes sapidus and many fishes exhibit estuary-wide movements either related to reproduction and/or seasonal migrations (Day et al. 1989) .
We developed MPA solutions for several regions of LIS, but results for only 2 regional breakdown scenarios are reported here (solutions and analyses for the other regions and the entire LIS can be obtained from the corresponding author). The 2 regions chosen for analysis (Figs. 3 & 5) exhibit strong differences in sedimentary types, species richness and community structure, and therefore underscore the spatial variability that typifies large estuarine systems. In LIS, estuarine-wide sea floor heterogeneity led to differences among MARXAN solutions and their ability to capture the regional suite of benthic species and communities. In the eastern/transitional region of LIS, habitat changes are sharp (Fig. 2) and species richness is relatively high (Zajac et al. 2000) . All MPA solutions for the eastern/transitional region showed no significant difference in species richness inside versus outside the MPA scenarios (Table 1 ), but differences in community structure were significant for most solutions. The mix of community types in all 1-site solutions were either different or marginally different, inside versus outside the MPA solution, as well as for the 20% BLM 6 solution. The community types that differed most were H1 and I (Fig. 4, Table 2 ). Community type H1 was dominated by several polychaetes (Asabelides occulata and Spiophanes bombyx), and the bivalve Tellina agilis. Community type I was dominated by the polychaetes Cirratulis grandis, C. cirratus, Prionospio heterobranchia, and P. tenuis; the amphipod Aeginnia longicornis; and the bivalve Mytilus edulis. The 10 and 20% 2-site solutions had similar mixtures of communities. Thus, while species richness did not differ inside versus outside all solutions for this region, the mixes of species differed as reflected in the significant differences in community types inside and outside of MPA solution areas. This may be due to a high degree of mesoscale variation in habitat structure in this portion of LIS, which leads to higher patchiness and more transitional areas among patches. These benthoscape features may support higher overall benthic species richness but also cause greater spatial heterogeneity in the mixes of macrofaunal assemblages (Zajac et al. 2003) . These results suggest that 1-site MPAs in the eastern region of LIS would adequately capture high species richness levels, but using 2-site solutions may be more appropriate if the goal is to capture a representative suite of community types.
The western LIS contains lower species diversity compared to the eastern LIS, and habitat heterogeneity occurs at broader spatial scales , Zajac et al. 2000 . Trends in MPA solutions for this region showed more similarities in community composition inside than outside, but lower species richness inside than outside in all but one of the solutions tested. At the 10% target level, all solutions contained similar communities inside versus outside and higher species diversity outside the solution. Raising the representation to 20% enabled the 3-site solution to capture the regional species richness level (Table 1) . When we attempted to derive a 1-site solution, species richness was much higher outside the solution area. Raising the representation level from 10 to 20% captured a higher species richness level but only in solutions that comprised >1 site. Thus, conditions in the western/central region of LIS appear to be opposite that of the eastern/transitional region. Most of the 20 (Fig. 2) , with less habitat heterogeneity at large to meso-scales, although small-scale (m 2 ) differences are prominent (Zajac 1998) . Differences in community structure across these benthoscape elements are more subtle than in the eastern region, and the spatial distribution of specific community types is broader (Zajac et al. 2000) (Table 2) . Species are added to the overall species pool over broader spatial scales as well. Therefore, larger MPAs would be needed in the western/ central region to capture local species richness, and multiple site solutions could better capture the overall species pool, although community types may be adequately represented across a range of MPA sizes and configurations. In large estuaries, the unique conditions, the physical and chemical gradients of the system, as well as the geographic locations and characteristics of human activities, should be considered during the MPA design and implementation process. Our GIS overlay analyses indicate that some MPA design scenarios fell in areas with moderate levels of mercury contamination, and were close to or overlapped dredge disposal and shellfish harvesting sites (Fig. 8) . Active dredge disposal sites have altered natural communities and habitat conditions in terms of both physical and chemical characteristics (Morton 1977) . Implementing an MPA close to an active disposal site would likely run counter to the desired effects of MPAs due to possible habitat destruction and sediment contamination that could take place within the MPA. Even if MPAs are located away from areas of high human impact such as disposal sites or shipping terminals, it will also be important to consider bottom water currents which may disperse materials in the direction of the MPAs and could lead to habitat contamination and uptake by the organisms intended to be protected. If data are available, human activities such as fishing pressure (e.g. Sala et al. 2002) can be incorporated into the scenario modeling and accounted for directly.
Using sediment type as a habitat proxy in the site selection process yielded mixed results in terms of capturing macrobenthic species richness and community composition. This does not necessarily mean that this approach is inadequate for designing MPAs in large estuarine systems, but underscores the need to test the potential efficacy of using habitat proxies with available data on populations and communities. Using habitat proxies may be a good starting point if data on target species or communities are lacking or extend over limited areas of the system being considered. We assessed the efficacy of applying MARXAN to large estuaries based on differences in macrobenthic species richness and community structure inside and outside of potential MPA sites. Although this is a limited set of variables used to assess how well conservation goals may be attained, apart from specific representation and boundary length goals set in the modeling process, these variables provided an independent measure of the potential of each solution to capture ecological conditions within certain portions of the estuary by considering a range of potential solutions. Indeed, the process yielded solutions that met the criteria stated in terms of target representation levels of habitat type and macrobenthic species richness and community composition. Temporal changes in these variables were not addressed, but the general nature of benthic community structure and its spatial variation in LIS appear to be relatively constant over time (e.g. Sanders 1956 , Pellegrino & Hubbard 1983 , Zajac et al. 2000 , although this should be tested as more data become available for broader portions of LIS. Since conservation of both recreational and commercial fish species are often the primary reason for establishing MPAs, other critical variables that should be included in tests of the potential efficacy of MPA solutions are fish community structure and specific resource species such as, particularly in the case of LIS, the American lobster Homarus americanus. Depending on the availability of these types of data, there may be more opportunities to make assessments of how well different solutions might capture the ecological goals set in the modeling scenarios in these systems. However, it is important not only to focus on inside versus outside comparisons (e.g. Parnell et al. 2005) , but also to consider a variety of criteria and the scale of the data being used (e.g. Shriner et al. 2006 ) when assessing the potential effectiveness of an MPA.
In large estuarine systems, the spatial heterogeneity of habitats and processes across the entire extent of the system need to be considered when trying to develop an MPA or a network of MPAs. In other studies where MARXAN was used to develop potential MPA solutions, the environmental and biological gradients did not change as rapidly and regularly as they do in estuarine systems, although the systems contained a variety of habitat types and in some cases had a large spatial extent or crossed biogeographic provinces (e.g. Airame et al. 2003 . Large estuaries also typically comprise component systems or modules (Tenore et al. 2006 ) that include the main body of the estuary, freshwater inputs via rivers and streams, tidal rivers and embayments, salt marshes and other coastal features. All of these have smaller-scale, within-module gradients and environments that contribute to overall estuarine function. Given this complex mix of ecological conditions, the question is whether a different approach for the MPA site selection process in estuarine environments is needed. The goals of MPA site design generally center on identify-ing and protecting some mixture of representative and unique sites and species, and the habitats and overall species pool a region contains, in a geographic/spatial framework that meets societal needs and demands (Agardy 2000 , Roff & Evans 2002 . For large estuarine systems, it is crucial to recognize the need for a collection of sites that support the full range of estuarine functions, including smaller component systems that surround and interact with the main body of the estuary. MPA networks are receiving much attention as a way of better attaining the management and conservation goals associated with MPAs (Murray et al. 1999 , Roberts et al. 2003 . However, while it is feasible to establish such networks in coastal or oceanic systems, it would be difficult in large estuarine systems given the confined area and larger set of human uses and potential conflicts. Thus, we see effective MPA networks comprising a few areas in the main body of the estuary, such as modeled here for LIS, and some set of protected 'satellite' systems such as salt marsh complexes, tidal rivers, embayments and the lower reaches of freshwater rivers. This type of network would provide a higher probability for maintaining and protecting important estuarine functions relative to the life histories of organisms that inhabit these systems. Many species, particularly nekton, use a wide range of estuarine habitats as nursery and feeding grounds (Beck et al. 2001) . The selection of the satellite systems may not necessarily have to be done using the simulated annealing approach taken here, but may be done using other selection methods (e.g. Edgar et al. 2000) . Another aspect to the establishment of MPAs in estuaries is the idea of marine zoning (Norse 2002 , Babcock et al. 2005 , Norse et al. 2005 , where certain human activities/structures, such as energy pipeline and cable crossings, would be confined to certain portions of the estuary, while zoning other areas for resource extraction (e.g. fisheries) or for conservation. Establishment of zones for different activities may reduce conflicts associated with establishing MPAs, and expedite overall environmental management of these systems.
Exploring alternative design scenarios and regional breakdowns for a particular conservation area is an important step in MPA designation. The process needs to be flexible as there are many possible ways of combining sites to attain specific conservation and management goals (Pressey et al. 1994) , especially in large estuaries such as LIS. As shown here, a variety of results and effectiveness levels were achieved by changing the number of sites within a solution, as well as the desired representation level. MPAs that strive to conserve biodiversity and habitats can be important ways to protect the health of estuaries, but it is important to consider the social and economic constraints facing managers in these systems where human activity and resource extraction is high. Many potential tradeoffs will likely affect MPA design and selection in large estuarine systems. MPA design models may prove useful in focusing these efforts.
